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QUENCHING AND CHANGES I N  THE IXJRATION OF LUMINESCENCE I N  

THE SENSITIZED PHOSPHORESCENCE OF AROMATIC 00MFQUNDS. 

Presented by Academician A. N. Terenin on 2 December 1954. 

T h i s  a r t i c l e  deals with an investigation of the mechanism of sensitized 

phosphorescence [1,2], involving a study of the quenching of the luminescence 

of an energy donor the acceptor and the decay t b e  fo r  the luminescence 

of the components. 

The value of 2- fo r  the luminescence of aromatic aldehydes and ketones 

of the Tolstoy- * was measured by means of an oscillographic phosphoroscope 

Feofilov system, 

exponentially damping bright luminescence i n  the region of  loo3 to loJ, sec 

with an accuracy of 2 t o  3 $, the error introduced by the longer phosphores- 

ceme of naphtMlrm8 eliminated immediately. A par t  of the measure- 

ments were performed with a two-disk Becquerel phosphoroscope (speed of 33 

This instrument permits determination of the decay time of 

rps ) .  

diphenyhaine was measured with the aid of a two-disk phosphoroscope (0.28 

The decay t h e  of the persistent phosphorescence of carbazole and 

rps )  and a FEU-17 p h o t o d t i p l i e r  tube connected to an M-95 mirror galvano- 

meter with a sensi t ivi ty  of loo8 amp per scale division operating a s  a bal- 

l a s t  galvanometer, An SVDSh-2% mercurg-arc l amp  was employed i n  a l l  cases 

t o  excite luminescence! the l i g h t  from t h i s  lamp passes through a quartz 

condenser t o  the c e l l  with Yne solution to  be investigated, the cell  being 

placed in an unsilvered Dewar vessel with l iquid air .  A combination of 

VG-22 ( 5  mm) and IC-1 (10 mu) l i g h t  f i l t e r s  was used ta separate the group 
4% 

The author expresses h i s  deep gratitude to V. A. Arkhwel'skaya fo r  * 
giving him the opportunity to make these measurements on her laboratory 
equipment, 
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' of 1&es near 3660 R. Quenching of the luminescence of benzophenone by 

naphthalene was measured by an FEU-17 photomultiplier tube and an M-95 

galvanometer i n  the stationary s ta te  with crossed l i g h t  filters. A mix- 

ture of two par ts  by volume o f  96% ethanol and one par t  by volume o f  98% 

ether which had been purified by repeated d i s t i l l a t i on  was used a s  the 

solvent which formed an u l t r a  low-expansion vitreous medium a t  low tempera- 

ture. As the coefficient of compression f o r  this mixture when the tempera- 

ture is lowered from room temperature t o  t h a t  of l iqu id  a i r  [53 ,  t h i s  makes 

it possible t o  compute the true conaentration of the solution a t  -180°. 

The substances i n  whose solutions we observed sensitized phosphores- 

cence are  l i s t e d  i n  Table 1. 

l e f t  (lower) half of the table with a substance i n  the r igh t  (upper) half 

Any binary combination of a substance i n  the 

produces radiationless energy transfer f r o m  the t r i p l e t  s ta tes  of donor 

molecules t o  acceptor molecules u i th  excitation of only  the first compon- 

ent. The presence of such energy transfer was established not only by the  

appearance of sens i thed  phosphorescence, but also by a reduction i n  the 

l i fe t imes of  energy donor molecules i n  the metastable s ta te  and the presence 

of energy acceptors, I n  the case of carbazole and diphenylamine in the pre- 

sence of naphthalene, energy transfer could be established only by means of 

the l a s t  method. Table 1 also shows the values of electron transit ions 

from the t r i p l e t  level  t o  the ground level  and the l ifetimes of molecules 

i n  the t r i p l e t  s ta te  as measured i n  the present project. 

By employing benzaldehyde + naphthalene, benzophenone + naphthalene, 

benzophenone + cv-methyl naphthalene, carbazole + naphthalene, and other 
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Table 1 
.\ 

I 

t I 1 

Energy Donors 
* '  I 

Triplet  Level I Phosphorescence ' Long-Wave Boun- 
dary of Ab rp- 

i n  cmol Y Decay Time 
j t ion  i n  Cm' i in seconds 

Benzaldehyde 

Benzophenone 

Acetophenone 

Ethyl-phewl 
ketone 

o-oxy benzaldehyde 

Benzoin 

Diphenylamine 

Carbazole 

Energy Acceptors 

25,200 

24,200 

25 ,850 

-- 
24,600 

25 * 650 
** 

25,200 

24,480** 

Triplet  Level* 1 Phosphorescence 

in Cm-l 1 i n  seoonda t i o n  i n  Cmw 

Long-Wave Boun- 
daw of Ab rp- sp 1 Decay Time 

1.5 10-3 26,750 

4.7 10-3 26,000 

2.3 10-3 27 500 

3.7 10-3 27,500 

-- 26, ooo 

28,000 

1.85 31,000 

7.25 29,500 

-3 2 0 4 x 1 0  

1 Naphthalene 21,300 2.30 P ,000 
2 Diphenyl 22,800 4.4 34,000 

3 @-methyl 21, a0** -0- 

naphtha ene 

4 a-cbloro 20,700 0.30 
naphthalene 
* 
The height of the t r i p l e t  level  above the  ground level was detennined 

by the  posit ion of the maximum of the first shortest wave band of  the phos- 
phorescence spectruea we obtained w i t h  the spectrophotometric apparatus con- 
s i s t ing  of a glass monochromator and photomultiplier tube. 

** 
The data are  taken from reference [8]. 
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systems, we have succeeded i n  showing t h a t  the presence of an energy acceptor 

reduces the l ifetime of a phosphorescing energy donor molecule 
. 4 * 

The principal diff icul ty  i n  measuring reductions in the decay t h e  ? 
consisted in obtaining sufficiently high concentrations of the energy ac- 

ceptors; the highest concentration of  naphthalene we obtained was 4 x 10 -1 

mole/Iiter; i n  

the solubili ty 

c 
I I '  

0 6 b  
+6 c 

i t s  presence, the decay time ?-'of benzophenone was reduced by 

naphthalene, whose solubili ty was considerably higher than 

of naphthalene turned out t o  be the most suitable substance. 

Figure 1 Figure 2 

Figure l a  shows the time constant of the quenching of the phosphores- 

cence of benzophenone as a function of the concentration ofa-methyl naph- 

plotted along the y-axis i s  proportional t o  the thalene. The quantity 7 ,  

ra t io  of the probabili t ies of transfer and quenching in time with the i n i t i a l  

probability of t ransi t ion from the phosphorescence level  of  the energy donor 

According t o  the ideas developed by S. I. Vavilov C6.7-J. the following 
two procosses take place i n  resonance migration of the energy of electron ex- 
c i ta t ion i n  fluorescing solutions: 
cules which i s  time-dependent; and 2) a l l s ta t ic  interaction" which is not 
time-dependent, 
of a substance giving off energy i s  a consequence of the assumption of the 
presence of the, first process. 
can speak of resonance interaction developing i n  time between donor molecules 
and the energy acceptor i n  sensitieed phosphorescence. 

- -  ."- . 

* 

1 ) resonance interaction between mole- 

The conclusion of a decrease i n  the luminescence decay time 

Since this has been observed i n  our case, we 
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to the normal 

characterizes 
21 

level.  

the re la t ive  probability of energy t ransfer  increases l i nea r ly  

It can be seen from Figure 1 tha t  t h i s  quantity which 

with an increase i n  the concentrate o f  the energy acceptors i n  the region of 

concentrations of less than 5 x 10.' mole/l i ter  fo r  the l a t t e r ,  T h i s  quan- 

t i t y  may grow more rapidly l a t e r ,  but determining what function of the  con- 

centration can describe t h i s  relationship i s  d i f f i c u l t  since the accuracy of 

determinations of the  decay time T i n  the presence of such high concentrations 

of a-methyl naphthalene i s  significantly lower than i n  low concentrations of 

the l a t t e r  due t o  simultaneous very strong quenching of the luminescence of 

energy donors. Figure 1 also shows the quenching time of aarbazole (b) and 

of benzaldehyde (c)  a s  a function of the concentration of naphthalene. 

A comparison of the quenching of benzophenone by naphthalene with dif-  

ferent  concentrations of naphthalene (11) and the reduction i n  the decay time 

7 ( I )  i n  the very same solutions is presented i n  Figure 2. The concentration 

of benzophenone i s  constant and equal to 5 x log2 mle/liter. The value of 

quenching determined by the value of - (where Io i s  the in tens i ty  i n  

the absence of the  quenching agent, I i s  the intensi ty  i n  the presence of 

naphthalene) and the  reduction i n  the l i fe t ime of the metastable s t a t e  of 

benzophenone -7 

increases with an increase i n  the concentration of naphthalene considerably 

more rapidly than the quantity '5 shows t ha t  the t ransfer  of the excita- 

t i o n  energy and the quenching of luminescence of energy donors connected with 

the fanner i s  accompanied by the  instantaneous process of quenching of the 

donor k y  the acceptor, 

Io - I 
I 

are  plot ted along the  y-axis. The f a c t  t ha t  quenching 7 0  - 7 

Observations of the phenomenon o f  sensitized phosphorescence i s  not 

We pointed out previously r e s t r i c t ed  to aromatic aldehydes and ketones. 

[2] t h a t  we were not able to observe Sensitized phosphorescence of naphthalene 
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i n  the presence 

t r i p l e t  levels,  
2 

of  carbazole i n  spite 

T h i s  i s  explained by 

of the favorable arrangement of t he i r  

the f a c t  tha t  the quenching of phos- 

phorescence i n  carbazole is very protracted (To = 7.25 sec) and it i s  d i f f i -  

cult t o  observe phosphorescence of naphthalene (s = 2.3 sec) against this 

background, 

t ion of naphthalene was studied by phosphoroscopic means i n  this case i n  

order to establish the presence of energy transfer. 

The afterglow time of carbazole as a function of the concentra- 

The interference l i g h t  f i l t e r  placed i n  front of the photomultiplier 

tube isolated the first band of the phosphorescence spectrum of carbamle a t  

4140 1 without overlapping with the afterglow spectmn of naphthalene, 

resu l t s  from measurements presented i n  Figure 1 show tha t  t he  decay time 

of the afterglow of carbazole also decreases i n  the presence of an energy 

acceptor (naphthalene). ~ The course of the curve is analogous t o  tha t  ob- 

served i n  the other cases, however the  magnitude of the ratio of the proba- 

b i l i t y  of energy transfer to the probability of radiation and deactivation 

from the t r i p l e t  state with the same concentration of naphthalene i s  approxi- 

mately three times as great as  i n  the case of aromatic aldehydes and ketones. 

The reduction i n  the phosphorescence quenching time i n  the presence of naph- 

thalene was also noted i n  diphenylamine whose decay time 

sec when dissolved i n  alcohol + ether a t  -180' to 1.28 sec under t h e  same 

conditions, but i n  the presence o f  naphthalene i n  a concentration of 4.3 x 

10'' mole/liter. 

The 

-^* 

- --.. 

ranged from 1.85 

I n  order to prove tha t  the metastable level  of  the molecule giving off  

energy should be of higher energy than the phosphorescence level of the ac- 

ceptor i n  the case of sensitized phosphoresce, experbents were conducted 

whiah involved measuring the reduction i n  the decay t ime- r  of the afterglow 

of benzyl whose metastable level  is located a t  a height of 19,150 cm -1 i n  the 
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presence of Q'-methyl naphthalene (refer t o  Table 1). When @-methyl naphtha- 

lene i n  a concentration of 4.6 x 10 mole/liter was added t o  the benzyl so- 

lut ion,  the decay time T of the benqrl changed from 4.45 x loo3 sec t o  b. 3 x 

loo3 see, which does not go beyond the l h i t s  of experimental errors  while 

the decay time 

4.7 x 10-3 ta 3.5 x 10-3 sec, 

. 
c -1 

of benzophenone changed under the same conditions from 

T h i s  work was performed under the personal supervision of Academician 

A. N. Terenin. The author expresses his hearty gratitude to B. Ya, Sveshni- 

kov fo r  a number of valuable c r i t i ca l  comments when discussing the ar t ic le ,  

Submitted 10 November 1954 
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I I I 

1 E e H 3 a n b -  

2 6 e l m o @ e -  

3 A u e T o a e -  

4 3runQe- 

nerwn 25200 1,5.1O-a 

HOH 24200 4,7*10-' 

noli 25850 2,3. 

HUJIKe-  
Ton - 3,7.1OWa 

5 O-OKCU- 
6 e H 3 a n b -  

A W U A  24600 - 
6 E e H 3 O U H  25650 2-4-10. 
7 &i@eritin- 

8 KapGason 24480** 7,25 
a M H H  25200** 1,85 

DIIHHHO- 
BOAH . 

rpawiua 
nornom. 
B CM-' 

26750 

26000 

27500 

27500 

26000 
28000 

31000 
29500 

1 

* B h i c o T a  T p u i i n e T t i o r o  Y ~ O B I I ~  H a n  OCIIOBHMH onpenennnacb no n O A O j l i e H H H )  M a t i c i i q .  
M a  n e p B o R  cairoii K O ~ O T K O B O J I I I O B O ~ ~  n o n o c b i  cnempa @ o c @ o p e c u e H u U u ,  n o n y q e H H o r o  iiaif.llt 
Ha C I I e K T p O @ O T O M e T p H Y e C K O ~  Y C T a H O B K e ,  C O C T O R U e f i  W 3  C T e K J l R H H O r O  MOHOX,X)MaTOP3 W ' 

(POTOYMHOIKUTeJlR. 
** .&lliHbIe B 3 R T M  U 3  p a 6 O T b l  (3. 

J 

i 2  
;lb 

I 
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cnyqae 6brno m y q e ~ o  @ o c @ o p o c K o n n q e c K n  B p e m  n o c n e c B e q e m m  K a p G a -  

x u T e n e M ,  B b r A e n R n  n e p B y I o  nonocy cnewpa @ o c @ o p e c u e H u k u  KapGa30.7a 
y 4140 A, H e  n e p e K p m a r o u l H x c R  co c n e K T p o M  n o c n e c B e q e i i m  Ha$Ta.qM- 

uenTopa s H e p r a u  ( I i a l p T a n m ) .  XOA K ~ H B O ~ ~  a H a n o r m e H  ~ a 6 n r o ~ a e ~ o i i  il 

s ~ e p r u u  K B e p o s x T H o c T n  u 3 n y q e ~ n ~  A n e 3 a ~ ~ u ~ a u u u  c T p u n n e T H o r o  COCTO- 

3 0 A a  B 3aBMCUMOCTW O T  K O I I U e H T P a l l k i I I  H a @ T a J I H I I a .  
M H T e p $ I e p e H U K O H R I A f i  C B e T O d j K J l b T p ,  I I O C T a B J I e H H b I 8  IIepen @OTOYhil,O- 

H a .  P e 3 y J I b T a T b I  u3MepellkiI?,  I I p e A C T a B J I e H H b l e  H a  P H C .  1, n O K 2 3 b I B a I o ~ ,  
YTO I I O C J I e C B e q e H U R  ~ap6asona  T a K X e  Y M e H b I I I a e T C R  B n p W C y T C T B H M  aK- 

A P y r H X  C n y q a R X ,  O A H a K O  BeJINY H H I  O T H O I I I e H U R  B e P O R T H O C T M  n e p e I i o c a  

RHUR npki OAMHaKOBOfi  K O H I l e H T p a U k i l i  H a @ T a J I H H a  n p H 6 J I H 3 H T e J I b H O  B 3 pa- 
31 60nbure, Y e M  B C J I y q a e  a p O M a T U q e C K U X  a J I b A [ e r U A O B  W KeTOJIOB.  COIipa .  
U r e H H R  B p e M e H H  3 a T y X a H H R  @ O C @ O p e C I I e H U H H  B I I p H C y T C T B H H  Ha@Ta.!IMlla 
0 6 H a p y X u n  T a K X e  AM@eHUJIaMUH,  5 K O T O p O r O  M e H R e T C R  O T  1,85 C e K .  a.7~ 

BHRX,  H O  B I I P M C Y T C T B B H  Had,)TaJIUHa B K O H U e H T P a 4 U M  4 , 3 *  lo-' MOn/JI. 
AJIR A O K a 3 a T e J I b C T B a  TOTO, q T 0  B CJIJ'qae C e H C H 6 H J I H 3 0 B a H H O h  @OCd)o- 

P e C u e H U M M  H e O 6 X O A U M 0 ,  q T O 6 b I  M e T a C T a 6 H J I b H b I h  Y p O B e H b  MOJIeKYJIbI ,  OT- 

ero pacmopa B c n n p T y  + 3 @ u p  npu -180" AO 1,28 c e K .  B Tex x e  yc.70- 

Ha 10 me ii 3 H e  pr ~f io, 6 LIJI 3 ~e pr em 9 e c ~ u  B bI III e @o c@o pec ue H T H o  r o y PO BI I A 
awen-ropa, 6brnu nponenamr o n w m  c u 3 ~ e p e ~ u e ~  c o K p a l u e H u R  e nocne- 

n p u 6 a ~ ~ 1 e ~ u n  K pacmopy 6 e ~ 3 u n a  a - M e T w n H a @ T a n e H a  B K o H u e i I T p a u i w  
3,6.10-1 MOJI/JI T 6 e ~ 3 ~ n a  A ~ M ~ I I ~ J I O C ~  c 4,45-10'3 no 4,3.10-3 ceI i . ,  

C B e ' I e H U R  6 e ~ 3 u n a ,  M e T a C T a 6 M J I b H b I f i  Y p O B e H b  K O T O p O r O  p a C ~ O J I O X e l 1  112 
B b I C O T e  19150 CM-l ,  B I I P U C Y T C T B A H  a - M e T M J I H a @ T a J I k i H a  (CM. ~ a 6 n .  1). npl{ 

q T 0  H e  B b I X O A B T  38 J I p e A e J I b I  3 K C I I e p H M e H T a J I b H b I X  O I I I U ~ O K ,  B T O  Bpehln  
KBK T 6 e H 3 0 t ) e H O H a  U 3 M e H R J I O C b  B T e X  Xe YCJIOBMRX C 4,7*10-3 A0 

H a c T o R q a R  pa6o~a  BblI IOJIHRJIaCb n O l I  J I W H b I M  P Y K O B O A C T B O M  aKaA. 
3,5.10-3 C e K .  

A. H. Tepesma. ABTOP B b I p a X t a e T  C e p A e q H y K ,  6 J I a r O A a p H o C T b  E. 9. C B e U -  

CTaTbW. 
HKKOBY 3a u e H H b I x  K p n T n q e c K n x  a a ~ e q a ~ u f i  npu o 6 c y ~ ~ e ~ n n  

nocTynHn0 
10 XI 1954 
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